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In Escherichia coli, assembly of the FtsZ ring (Z ring) at the cell division site is negatively regulated by the
nucleoid in a phenomenon called nucleoid occlusion (NO). Previous studies have indicated that chromosome
packing plays a role in NO, as mukB mutants grown in rich medium often exhibit FtsZ rings on top of diffuse,
unsegregated nucleoids. To address the potential role of overall nucleoid structure on NO, we investigated the
effects of disrupting chromosome structure on Z-ring positioning. We found that NO was mostly normal in cells
with inactivated DNA gyrase or in mukB-null mutants lacking topA, although some suppression of NO was
evident in the latter case. Previous reports suggesting that transcription, translation, and membrane insertion
of proteins (“transertion”) influence nucleoid structure prompted us to investigate whether disruption of these
activities had effects on NO. Blocking transcription caused nucleoids to become diffuse, and FtsZ relocalized
to multiple bands on top of these nucleoids, biased towards midcell. This suggested that these diffuse nucleoids
were defective in NO. Blocking translation with chloramphenicol caused characteristic nucleoid compaction,
but FtsZ rarely assembled on top of these centrally positioned nucleoids. This suggested that NO remained
active upon translation inhibition. Blocking protein secretion by thermoinduction of a sec4(Ts) strain caused
a chromosome segregation defect similar to that in parC mutants, and NO was active. Although indirect effects
are certainly possible with these experiments, the above data suggest that optimum NO activity may require

specific organization and structure of the nucleoid.

When Escherichia coli cells divide by binary fission, they
assemble a septal protein complex at midcell. The first known
protein to localize, FtsZ, forms a ring (the Z ring) between the
two segregated nucleoids at about the time of replication ter-
mination (7). The Z ring then recruits the rest of the septal
complex. The selection of the site at midcell is remarkably
accurate (36, 47), and two global systems have important to-
pological roles in identifying this site (21, 47). One of these, the
Min system, prevents unwanted division events at nucleoid-
free cell poles. This is achieved by the continuous oscillation of
an inhibitor of Z-ring formation (MinC), a membrane-associ-
ated ATPase (MinD), and an enhancer of the MinD ATPase
(MinE) between the two cell poles, keeping MinC away from
the midcell site (6, 12, 15-17, 30, 31). The Min system may be
important for the accuracy of midcell Z-ring placement (18), or
it may simply function to prevent polar divisions, as seems to
be the case in Bacillus subtilis (22).

The other topological system that regulates Z-ring place-
ment is the nucleoid itself. By an unknown mechanism, Z-ring
assembly on the membrane is inhibited by the presence of the
nucleoid at the same site. This negative spatial regulation is
called “nucleoid occlusion” (NO) (41, 44). Under the com-
bined negative control of both the Min system and NO, the
most favorable part of the cell for assembly of the Z rings
occurs at midcell at the time of chromosome segregation (21).
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The nucleoid and Min system appear to be independent of
each other. In mutant cells lacking a nucleoid, Z rings localize
near midcell, presumably because the Min system remains
functional in such anucleate cells (35). Conversely, without the
Min system, nucleoids can still inhibit septum formation in
their vicinity (34, 47). NO was still active after arresting chro-
mosomal DNA replication by thermoinactivation of dnaA, in-
dicating that chromosome replication is not required for NO
(34).

The molecular mechanism of NO is not yet known. One
possible obstacle for division is the physical structure or local
density of the nucleoid and/or nucleoid-associated proteins. To
maintain the proper nucleoid structure, E. coli chromosomes
need to be condensed. Disruption of MukB, a homolog of
SMC that is involved in condensation of the nucleoid (32),
results in thermosensitive growth and partial loss of NO (5, 25,
35). The suppression of NO in turn is thought to result in
guillotining of misplaced nucleoids by septa, producing a 1,000-
fold increase in the percentage of anucleate cells (25, 45).

Another important factor that governs nucleoid structure is
DNA superhelicity. DNA gyrase introduces negative super-
coils into DNA, while topoisomerase I (encoded by topA)
removes them (8, 29). Interestingly, the defects of mukB mu-
tants can be largely suppressed by inactivating topA, which
increases negative superhelicity and thus local DNA density
(32, 33). This increase in local DNA density appears to com-
pensate for the lower levels of chromosome packing in mukB
mutants. The suppression of the mukB-associated defects by a
topA mutation suggests that local DNA concentration, and not
some special function of MukB, is a critical factor for NO.
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TABLE 1. Strains and plasmids used in this study

Strain Relevant characteristics Source or
reference

TX3772 MG1655 AlacU169 37
CAG19209 rpoD800(Ts) 14
CGSC7141 secA51(Ts) 27
CC4207 AmukB::kan topA10 32
WM1032 TX3772 AminCDE::kan Lab collection
WM1255 pWM1255 (GFP-MinD) in JM105 4
WM1263 grB* parent of WM1263 LE234 (28)
WM1262 F~ argE gyrB(Ts) ilv metB tna LE316 (28)

In addition to supercoiling and condensation, proper nucle-
oid structure and function also appear to require the process of
transertion, which is defined as the ongoing processes of tran-
scription, translation, and insertion of membrane and export
(42). Perturbing transcription or translation causes significant
changes in nucleoid density; blocking transcription expands the
nucleoid, while blocking translation compacts it (26, 43). To
learn more about the molecular basis of nucleoid occlusion, in
this study we examine the formation and positioning of Z rings
in cells with abnormal nucleoid structure caused by perturba-
tions in superhelicity and the transertion process. By compar-
ing the relative positions of FtsZ assembly and nucleoids, the
effects of these various factors on NO were investigated.

MATERIALS AND METHODS

Strains and growth conditions. All strains used in this study are derivatives of
E. coli K-12 and are shown in Table 1. Cells were grown either in Luria-Bertani
(LB) medium or M9 glucose medium supplemented with 0.5% Casamino Acids.
Overnight cultures were diluted 200X in fresh medium and grown at 30°C until
the early logarithmic phase. For thermosensitive mutants, cells were then shifted
to the appropriate nonpermissive temperature. To study the effects of drugs on
nucleoid occlusion or septation, we used final concentrations of 100-wg/ml ri-
fampin (dissolved in dimethyl sulfoxide), 100-ug/ml chloramphenicol, 200-pg/ml
cephalexin, or 5-ug/ml coumermycin A;. Drugs were obtained from Sigma
Chemical Co., St. Louis, Mo.

Immunostaining and microscopy. Immunofluorescence in combination with
phase-contrast imaging and nucleoid staining with 4’, 6-diamidino-2-phenylin-
dole (DAPI) was carried out with methanol-fixed cells as described previously
(34) with a few modifications. For FtsZ staining, we used a 1:200 dilution of
affinity-purified anti-FtsZ, followed by goat anti-rabbit secondary antibody con-
jugated with an Alexa 488 (Molecular Probes, Eugene, Oreg.). An Olympus
BX60 microscope and an Optronics DEI-750 camera were used for photograph-
ing images. To overlay images of green FtsZ and DAPI, the blue DAPI signal
was pseudocolored red by switching the color cables on the Scion CG-7 grabber
card. The images were edited in Adobe Photoshop. FtsZ positions and cell
lengths were measured by pixels in Photoshop and plotted in Microsoft Excel.

RESULTS

Effects of DNA supercoiling on nucleoid occlusion. It was
demonstrated previously that Z rings were almost always ex-
cluded from the nucleoid after inactivation of DnaA and thus
replication initiation (34). To test the idea that other aspects of
nucleoid structure and dynamics might also be important for
nucleoid occlusion, we first examined Z-ring positioning in
mutants with disrupted DNA supercoiling. DNA gyrase has
two subunits, gyrA and gyrB, and the latter encodes an ATPase
that binds DNA (23). Disruption of gyrB by mutation or with
drugs causes trapping of gyrase on DNA (2). We first used a
gyrB(Ts) mutant that inactivates gyrase at 42°C (28). This mu-
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tant is also defective in DNA replication initiation, probably
because of the reduced level of negative supercoiling (11).

To avoid potential complications caused by multiple repli-
cation cycles in rapidly growing cells, we grew the gyrB mutant
(WM1263) in M9 glucose medium supplemented with
Casamino Acids. Under such growth conditions, the genera-
tion time at 30°C was about 2 h (data not shown). After cells
were shifted to the nonpermissive temperature of 42°C for 45
min, fixed, and stained with DAPI, most cells had only one
detectable nucleoid and significant nucleoid-free zones at the
poles (Fig. 1E). This contrasts with the presence of two nucle-
oids in many wild-type MG1655 cells or the isogenic parent
cells (WM1262) grown under the same conditions (Fig. 1D)
(data not shown). This staining pattern is consistent with arrest
of replication and segregation but continuation of some
growth, similar to dnaA mutants grown at the nonpermissive
temperature (34).

We then examined FtsZ positioning in these cells by immu-
nofluorescence. It was clear that while Z rings were always at
midcell in wild-type cells (Fig. 1A and G), in the gyrB mutant
they tended to assemble away from midcell, often appearing at
nucleoid edges. Such single acentral rings were observed in 50
out of 61 cells counted (82%) that contained a Z ring (Fig. 1B,
E, and H) (data not shown), reminiscent of the patterns ob-
served with dnaA mutants (34). In addition, some cells had
more than one acentral Z ring (Fig. 1B, E, and H). In 12 of the
61 cells with Z rings (18%), a Z ring was localized at midcell,
and some of these had no apparent gaps in DAPI staining (Fig.
1) (data not shown). One potential explanation for this last
class of cells is that they had already initiated chromosome
replication before gyrB was inactivated completely by the tem-
perature shift and were in the process of chromosome segre-
gation when samples were prepared. In addition, the more
relaxed state of the nucleoid might make it more difficult to
detect nucleoid gaps by DAPI staining. Yet another potential
explanation is that NO is suppressed in some cells under these
conditions for reasons that are not yet clear. Nevertheless, it is
clear that Z rings often formed at acentral locations in the gyrB
mutants at the nonpermissive temperature, usually at nucleoid
edges. Some of these rings must have been active, because
samples taken at 60 to 80 min after temperature shift exhibited
a 15 to 20% frequency of anucleate cells (data not shown),
indicating that the acentral rings at nucleoid edges had divided
the cells into nucleate and anucleate daughters. As observed
previously (35), nearly all the anucleate cells had Z rings.

To confirm these results, we examined the effects of coumer-
mycin A, a drug that inhibits gyrB ATPase activity (13, 23, 29),
on NO and Z-ring placement. Because prolonged drug treat-
ment leads to cell lysis, cells were grown rapidly in LB medium.
Wild-type TX3772 cells were treated with 5-pg/ml coumermy-
cin A,, and Z-ring positions were visualized by immunofluo-
rescence (Fig. 1C, F, and I). The DAPI staining patterns and
FtsZ localization were similar to those of the gyrB mutant at
42°C, with FtsZ staining in most cells to the edge of the nu-
cleoid, away from midcell. These results support the suggestion
that relaxation of the chromosome by reducing its superhelicity
does not significantly suppress NO activity.

FtsZ localization in a mukB topA mutant. Z rings often
localize on top of decondensed nucleoids in a mukB mutant,
indicating that nucleoid occlusion is partially suppressed (35).
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FIG. 1. Effect of DNA supercoiling on FtsZ localization. (A to C) FtsZ staining. (D to F) DNA stained with DAPI. (G to I) Overlay of DNA
and FtsZ. Panels A, D, and G show wild-type TX3772 cells. Panels B, E, and H show gyrB mutant cells grown at 28°C in M9 glucose plus Casamino
Acids until the early log phase and then grown at 42°C for another 45 min. Panels C, F, and I show TX3772 cells grown in LB medium at 28°C
and treated with 5-pg/ml coumermycin A, for 40 min. Vertical arrows highlight cells containing central Z rings apparently over an unsegregated
nucleoid. Horizontal arrows highlight cells containing acentral Z rings in anucleate segments or at nucleoid edges. Scale bar, 5 pm.

Cells with a defective mukB gene are thermosensitive, forming
colonies in rich medium only at or below 28°C. The reason for
this is not known, but perhaps slowing down the cell cycle helps
to compensate for insufficient chromosomal condensation dur-
ing replication (1). The suppression of anucleate cell produc-
tion in a mukB mutant by inactivation of topA indicates that
the nucleoids are properly positioned and condensed and
probably are not cut by Z rings or division septa at a significant
frequency. However, we wondered whether there might still be
subtle differences in Z-ring positioning as compared with wild-
type cells, and therefore we examined Z rings in a topA mukB
double mutant (CC4207).

CC4207 cells were grown at various temperatures (28, 32, 37,
and 42°C) before being fixed for immunofluorescence. At all
temperatures examined, Z rings were present in gaps between
nucleoids and lone rings were not present on top of nucleoids
(data not shown). Interestingly, however, closely spaced double
FtsZ bands were present in gaps between nucleoids at high
frequency in cells grown at 28°C but not at higher temperatures
(Fig. 2B). It was not possible to determine whether these
multiple FtsZ bands represented multiple Z rings or turns of a
continuous FtsZ helix. The distances between nucleoids were
similar to those in wild-type cells (Fig. 2A), ruling out the
possibility that the unusual FtsZ structures resulted from
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FIG. 2. Multiple FtsZ bands formed in a mukB topA double mutant. CC4207 cells were grown at 28°C and fixed for staining. Arrows highlight
clusters of multiple Z rings, sometimes extending to regions occupied by nucleoids. (A) DAPI plus phase-contrast. (B) FtsZ immunostaining plus

DAPI staining.

larger regions that lacked NO activity. In fact, it appeared that
the nucleoid edges were not as potent at excluding Z rings,
because the outer rings in a cluster appeared to be spread to
the DAPI-stained nucleoid region (Fig. 2B). This pattern of
Z-ring clusters on top of nucleoids but centered at a nucleoid-
free gap is reminiscent of the Z-ring staining in AmukB Amin
double mutants (46). Overall, these results suggest that the
topA mutation, while allowing survival of mukB mutants and
suppression of most of the mukB phenotypes, does not com-
pletely suppress the NO defect. We cannot explain why we

were not able to see a significant frequency of ring clusters at
other growth temperatures.

Transcription inhibition suppresses nucleoid occlusion. It
has been proposed that the structure of the E. coli nucleoid is
determined by DNA binding proteins and DNA supercoiling,
representing a compaction force, and by the coupled transcrip-
tion/translation/translocation of plasma membrane and cell
wall proteins, representing an opposing expansion force (26,
43). We were interested to study the influence of each expan-
sion factor on NO.
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FIG. 3. Effects of inhibiting transcription and translation on the nucleoid and FtsZ positioning. Shown are representative fields of untreated
wild-type TX3772 cells (A to C), TX3772 cells 30 min after addition of 100-pg/ml rifampin (D to F), TX3772 cells 2 h after addition of 200-u.g/ml
chloramphenicol (G to I), WM1032 (Amin) cells 30 min after addition of 100-pg/ml rifampin (J to K), or untreated (L and M). All cells were grown
in LB medium except for those treated with chloramphenicol, which were grown in M9 glucose plus Casamino Acids. Panels A, D, G, J, and L
show FtsZ immunostaining; panels B, E, H, K, and M show DAPI staining; and panels C, F, and I show DAPI staining overlaid with the
phase-contrast image. Representative individual cells of CAG19209 (rpoD800) grown at 45°C for 1 h are shown either as FtsZ stained (N to P),
DAPI stained (T toV), or merged (Q to S). Panel W shows a merged image of TX3722 cells for comparison. Scale bars are 5 pm for panels A

to M (under panels L and M) and N to W (under panel W).

To examine the role of transcription, we treated wild-type
TX3772 cells with rifampin, which interferes with the B subunit
of prokaryotic RNA polymerase and blocks transcription ini-
tiation (40, 48). After 10 min of rifampin treatment, nucleoids
already showed some expansion as judged by DAPI staining of

fixed cells compared to untreated cells (data not shown). After
30 min of rifampin treatment, the DAPI staining was uniform
throughout the cells, with few detectable nucleoid-free gaps
(Fig. 3F) compared to untreated cells (Fig. 3C). This nucleoid
expansion effect was much easier to see in filamentous Amin
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FIG. 4. Distribution of FtsZ bands in rifampin-treated cells. A total
of 122 cells, treated with rifampin as in Fig. 3D to F, were measured.
The x axis represents positions of FtsZ bands relative to cell length,
with 0.5 representing midcell and 0.0 representing a cell pole.

mutant cells, because of the multiple spaces between nucleoids
(see below).

FtsZ staining patterns changed along with the change in
DAPI staining during the time course. Intense FtsZ staining
occurred at a nucleoid-free gap at midcell in 90% of untreated
cells, with little FtsZ staining elsewhere in the cell (Fig. 3A).
After 10 min of rifampin treatment, FtsZ staining was still
predominantly at midcell, coincident with nucleoid-free gaps,
but a significant amount of staining could be observed in other
areas of the cell (data not shown). After 30 min of rifampin
treatment, FtsZ staining was now predominantly at locations
other than midcell. In more than 35% of these cells, multiple
bands of FtsZ staining (two to five) were detected (Fig. 3D). As
the sizes of most cells were in the range of 2 to 5 wm, the
distances between FtsZ bands were shorter than normal, av-
eraging 0.8 pm. This compares to 1.3 wm in Amin mutant cells,
in which Z rings are present at all nucleoid-free gaps but not on
top of nucleoids (47). Because the nucleoid appeared to be
distributed throughout the cell (Fig. 3E to F), by definition all
of the FtsZ bands were located on top of nucleoids.

The intensities of different FtsZ bands in each cell varied. By
analysis of the positions of 122 intensely staining bands, we
found a tendency to localize near the cell center, but not always
at the exact midcell site (Fig. 4). Bright bands at other acentral
positions were also observed. Although we do not know when
these bright bands formed, their presence at regions far from
midcell indicates that most of these structures were not present
prior to drug treatment. Furthermore, premature FtsZ assem-
bly was detected as fluorescent foci in most cells, even in some
cells that did not contain a clear Z ring. The patterns suggest
that more nucleation sites are available for FtsZ assembly in
these cells. Such patterns are not a result of failure of the Min
system to oscillate, because we observed typical green fluores-
cent protein (GFP)-MinD oscillation in rifampin-treated
WM1255 cells (data not shown). Perhaps the weaker FtsZ
accumulations in such cells resulted from ongoing division
inhibition by MinCD.

We next asked whether removing the Min system would
alter the pattern of FtsZ staining in the presence of rifampin.
We treated AminCDE::kan cells (WM1032) with rifampin and
stained them for FtsZ and nucleoids. As expected, after only 30
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min of rifampin treatment, nearly all cells exhibited a diffuse
nucleoid stain in the short filamentous cells that are typical of
a Amin mutant (Fig. 3K). This is in contrast to the distinct
multiple nucleoids visible in untreated Amin cells (Fig. 3M).
While clear Z rings formed only between well-distributed
nucleoids in the untreated cells (Fig. 3L), bands of FtsZ stain-
ing were located apparently randomly in Amin cells treated
with rifampin, with the spacing between bands sometimes as
short as 0.5 pwm (Fig. 3J). Moreover, unlike Min-positive cells,
Min-negative cells treated with rifampin exhibited FtsZ bands
throughout the cell length with no bias towards the cell center,
as well as greater uniformity of band intensities (Fig. 4) (data
not shown). This bias toward the cell center would be consis-
tent with the Min system being fully functional in the presence
of rifampin.

To confirm independently that blocking transcription re-
lieves nucleoid occlusion, we examined FtsZ localization in an
rpoDS00 mutant, in which the major transcription initiation
factor, 0’°, can be thermoinactivated. After a 1-h inactivation
of o7 in cells containing rpoD800 at 45°C, nucleoids stained
with DAPI appeared to be diffuse throughout the whole cell,
similar to those observed after rifampin treatment (Fig. 3T to
V). Multiple FtsZ bands were positioned on top of nucleoids in
a pattern similar to that in rifampin-treated cells (Fig. 3N to S).
Wild-type cells grown at the same temperature (Fig. 3W) or
rpoD800 cells grown at 30°C demonstrated normal FtsZ local-
ization (data not shown). This result indicates that transcrip-
tion inactivation itself interrupts division inhibition by the nu-
cleoid, possibly by altering local density of the DNA.

Nucleoid occlusion remains active after blocking transla-
tion. To test if preventing protein translation also leads to
disrupted cell division, we treated wild-type TX3772 cells with
chloramphenicol, which inhibits peptidyl transferase activity
but leaves mRNA synthesis unchanged (19, 24). TX3772 cells
growing exponentially in either M9 glucose or LB medium at
28°C were treated with chloramphenicol. After treatment for
0.5 to 2 h, nucleoids appeared to be fused and compact (Fig.
3H and I) (data not shown) as reported previously (38, 39). Z
rings were often acentral, with a high proportion of FtsZ stain-
ing at the cell poles (Fig. 3G) (data not shown). Frequently
abnormal FtsZ structures (foci and tilted bands) were visual-
ized at the cell poles. However, we did not detect FtsZ staining
on top of the condensed nucleoids in these cells, and rarely
were there multiple FtsZ bands or helices visible. These results
indicate that after chloramphenicol treatment, polar division
sites are available for FtsZ assembly and compacted nucleoids
retain their function to inhibit Z-ring assembly. As the Min
proteins oscillate normally in the presence of chloramphenicol
(31), the availability of polar sites for FtsZ assembly must be
either a result of an unstable component of the Min system,
such as MinC, or some other unknown factor.

Effects of inhibiting protein translocation on NO. The major
route for protein export or insertion into the membrane in
bacteria occurs via the Sec-dependent transport apparatus.
The core complex of this apparatus, consisting of SecYEG,
forms a protein-conducting channel in the inner membrane,
while the ATPase SecA drives translocation of substrate across
the membrane (3). We tested whether SecA-mediated protein
translocation and export had any effects on nucleoid occlusion.
A mutant with a thermosensitivity mutation in secA (secA51)
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FIG. 5. Nucleoid and FtsZ distribution in a protein secretion mu-
tant. The secA5] mutant was grown at 42°C for 2 h to inhibit sec-
mediated protein translocation, and cells were fixed and stained.
(A) FtsZ immunofluorescence staining. (B) Overlay of DAPI and FtsZ
staining. (C) Overlay of DAPI staining and phase-contrast image.
Vertical arrows highlight anucleate regions or anucleate cells contain-
ing Z rings, while horizontal arrows highlight acentral FtsZ staining in
cells with a central nucleoid.

(27) was grown at the nonpermissive temperature of 42°C for
2 h and stained for FtsZ. These mutant cells appear to have a
defect in chromosome segregation as well as cell division (Fig.
5C). Large nucleoids, presumably carrying multiple chromo-
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somes, were visible in short filaments. Z rings localized be-
tween segregated nucleoids in many cells, but in cells with one
central nucleoid or in filaments with large unsegregated nucle-
oids, FtsZ almost always localized away from the nucleoids at
nucleoid edges. Septation from these rings occasionally re-
sulted in anucleate cells, some of which had a Z ring at midcell
(vertical arrows). This phenotype is very similar to that of
chromosome segregation mutants like parC or parE (35).
These results suggest that unpartitioned nucleoids produced in
a secA mutant still exclude FtsZ from assembling in their
vicinity and that disruption of Sec-mediated translocation does
not abolish NO activity. The reasons for the nucleoid segrega-
tion defect after inactivation of sec4 are not apparent and will
require further study.

DISCUSSION

Many factors influence nucleoid structure, directly or indi-
rectly. To understand how nucleoid structure might influence
NO, we investigated the effects of altering DNA supercoiling
levels or blocking transcription, translation, or protein trans-
location on NO activity. Our results demonstrated that super-
helical relaxation of nucleoids does not affect NO, resulting in
abnormal placement of Z rings at nucleoid edges, distal from
midcell. This supports earlier work that showed abnormal
placement of septa when gyrase is thermoinactivated (28). The
active NO in gyrB mutants stands in contrast to that in mukB
mutants, in which Z rings often form on top of the decon-
densed nucleoids. One possible explanation is that in the gyrB
mutant at the nonpermissive temperature of 42°C, the activity
of MukB maintains a sufficiently high level of local nucleoid
density that is capable of blocking most Z rings from assem-
bling over the nucleoid.

Our results also showed that in the absence of MukB, the
nucleoid regains its ability to inhibit Z-ring assembly when
topoisomerase I is inactivated in the topA mukB double mu-
tant. This was not surprising, given that the double mutant cells
grow and divide fairly normally (32), and supports the notion
that increased local DNA concentration is sufficient to activate
NO. However, many fopA mukB cells at 28°C displayed mul-
tiple Z rings, with the ring cluster centered about a gap be-
tween nucleoids but often extending into the nucleoid region.
This suggests that NO is partially suppressed under these con-
ditions near the nucleoid edges. Nucleoid edges were also less
active in NO than more central parts of the nucleoid in AmukB
Amin double mutants (46). This effect might reflect a gradient
of NO, which might be in excess throughout normal nucleoids
but is unmasked in mukB mutants under certain conditions.
Another possibility is that nucleoids in a mukB mutant are not
decondensed uniformly and have a higher local density to-
wards their centers, resulting in more complete NO there than
near nucleoid edges.

Importantly, we found that division inhibition by nucleoids
was compromised in cells in which transcription was inhibited.
Multiple FtsZ structures, possibly Z rings and possibly a con-
tinuous helix of FtsZ, assemble on top of the nucleoid. This is
suggestive of relief of NO such that more potential division
sites are available for FtsZ assembly. This FtsZ localization
phenotype was also observed in rifampin-treated cells when
grown in M9 glucose medium (data not shown). This was not
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seen in mukB cells, possibly because there is some residual NO
in mukB cells that tends to shunt most unassembled FtsZ to
cooperative assembly at a few Z rings. When transcription was
inhibited by thermoinactivation of ¢”°, the nucleoid and FtsZ
staining patterns were similar to those with rifampin, indicating
that the effects were not artifacts specific to the drug.

In contrast, chloramphenicol treatment resulted in a clearly
different effect on FtsZ localization. While FtsZ often still
localized at midcell after rifampin treatment, midcell Z rings
were extremely rare after chloramphenicol treatment. Al-
though many indirect effects could be involved, one possible
explanation for this difference is the distinct difference in nu-
cleoid structure after treatment with rifampin versus chloram-
phenicol. It is generally accepted that chloramphenicol treat-
ment leads to nucleoid fusion and compaction, while the
rifampin does not (9, 10, 20, 38, 39). The diffusion of the
nucleoid throughout the cell after rifampin treatment is very
clear, particularly in the Amin mutant because of the ease of
visualizing multiple nucleoids in the filamentous cells charac-
teristic of this mutant. The mechanism behind this apparent
decompaction of nucleoids after transcription inhibition is un-
known, but the effect is similar to that of inhibiting MukB.
Likewise, the nucleoid compaction by chloramphenicol treat-
ment might mimic the topA suppression of the mukB defect.

The effects of blocking either transcription or translation are
likely to be highly complex. However, one possible explanation
for the absence of Z rings at midcell after chloramphenicol
treatment is that the resulting compact nucleoid occludes as-
sembly of new Z rings. If so, this would be surprising given the
assumption that the nucleoid retracts from the membrane
when transertion is blocked. The disappearance of midcell Z
rings in the first place may be caused by the need for contin-
uous protein synthesis to maintain Z rings or perhaps by some
type of interference by the nucleoid undergoing compaction.
We favor the latter idea, only because chloramphenicol treat-
ment does not prevent FtsZ from assembling into structures;
they are present, but just not at midcell. Another possible
explanation for the different effects of blocking translation
versus transcription is that NO might be mediated by a specific
RNA.

What might cause FtsZ to localize preferentially away from
midcell after chloramphenicol treatment? One possibility is
that the Min system is inactivated, allowing Z rings to form in
nucleoid-free spaces, which are larger because of nucleoid
compaction. As the Min proteins continue to oscillate after
chloramphenicol treatment, perhaps some other aspect of Min
protein function is inactivated. It is also possible that another
unknown factor that is important for negatively regulating Z-
ring assembly is destabilized during chloramphenicol treat-
ment, allowing extra Z rings to form in nucleoid-free spaces. It
is clear, however, that after extended blocking of translation,
FtsZ protein remains sufficiently abundant and stable to be
able to assemble into structures.

A model that summarizes the results in this study is shown in
Fig. 6. The results are all consistent with the idea that a com-
pact unsegregated nucleoid, either in normal cells (Fig. 6A) or
in cells treated with chloramphenicol (Fig. 6B), will exclude
Z-ring assembly via NO, while a diffuse nucleoid, either be-
cause of transcription inhibition (Fig. 6C) or decompaction
resulting from the loss of MukB or SMC, will suppress NO and

J. BACTERIOL.

FtsZ
A normal
nucleoid
FtsZ normal
B compact
nucleoid

translation blocked
FtsZ

diffuse
nucleoid
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FIG. 6. Summary diagram of the observed effects of transcription
and translation inhibition on NO.

allow FtsZ to assemble in areas occupied by the nucleoid. An
important caveat to the present study is that it is possible that
the effects we attribute to NO are actually direct effects of the
drugs or mutations on FtsZ assembly and positioning, inde-
pendent of NO or at least not completely dependent on NO.
Unfortunately, this caveat will persist until a more specific
mechanism for NO is found, such that more specific alterations
in NO can be constructed that will minimize the potential for
indirect and nonspecific effects.
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